Objective: We sought to determine via a cross-sectional study the contribution of (1) the right hemisphere's speech-relevant white matter regions and (2) interhemispheric connectivity to speech fluency in the chronic phase of left hemisphere stroke with aphasia.
Aphasia is a common and devastating symptom of left hemisphere stroke. Although many patients recover to some degree, this recovery is often incomplete even with intensive speech therapy. [1] [2] [3] [4] While recent studies have succeeded in predicting recovery potential by quantifying the injury to relevant gray and white matter structures in the lesional left hemisphere, 5, 6 the right hemisphere's role in recovery of speech-language functions remains both unclear and controversial. [7] [8] [9] [10] Patients with small left hemisphere lesions may recruit perilesional areas with some involvement of right hemisphere homotops, 7, 8, [11] [12] [13] while recovery for those with larger left lesions may occur entirely via the right hemisphere. [14] [15] [16] [17] [18] [19] [20] [21] However, some studies have suggested right hemisphere remodeling as a maladaptive mechanism or epiphenomenon. 22, 23 In the current study, we examine the contribution of the right hemisphere to fluency recovery by relating white matter integrity of right speech-motor homotops and the corpus callosum (CC) to a patient's arcuate fasciculus (AF) lesion load (LL) and chronic speech fluency measures.
Diffusion tensor imaging (DTI) is a useful means of studying white matter in vivo. One DTI-based measurement, fractional anisotropy (FA), has demonstrated effectiveness in correlating alterations in white matter integrity with both speech and motor outcomes after stroke or experimental interventions. [24] [25] [26] We correlated FA values of (1) right hemisphere speech homotops, (2) the entire CC, and (3) selected CC fiber tracts with speech fluency measures, then compared FA values of patients vs healthy controls to detect patterns of callosal or right hemisphere white matter differences.
METHODS Patient group. Patients were recruited from the population of stroke patients seen at Beth Israel Deaconess Medical Center in Boston and via print and online advertisements from the greater Boston area between 2008 and 2012. Eligibility criteria included a history of left hemisphere stroke at least 6 months prior to assessment, age 12-80 years, right-handedness, and expressive aphasia despite acute rehabilitation. Exclusion criteria included bihemispheric or brainstem infarcts, history of stroke prior to the one causing aphasia, other concomitant neurologic diseases/disorders, and significant cognitive impairments (defined as ,50% correct on the Raven Colored Progressive Matrices 27 ).
Control group. To examine potential differences in diffusion measures of right hemisphere and CC regions of interest (ROIs) between patients and controls, a group of 13 age-and sexmatched healthy controls underwent DTI (2 female; age 63 6 14.7 years). All controls were native English speakers, righthanded, and had normal cognitive ability as evidenced by a score in the normal range on the Shipley/Hartford scale (an equivalent of IQ) 28 or attainment of postsecondary degrees.
Standard protocol approvals, registrations, and patient consents. The Institutional Review Board of Beth Israel Deaconess Medical Center approved this study and all participants gave written informed consent.
Behavioral data. All patients performed a battery of language tests assessing spontaneous speech production, naming, repetition, and comprehension (table e-1 on the Neurology ® Web site at Neurology.org). Patients were evaluated for speech fluency and accuracy of content elicited during conversational interviews (comprised of questions about biographical data, medical history, daily activities, and a description of a routine procedure) and complex picture descriptions (e.g., the Cookie Theft picture from the Boston Diagnostic Aphasia Examination and the picnic picture from the Western Aphasia Battery, as well as other similar pictures). Patients' responses were videotaped and transcribed by a rater blinded to patients' other behavioral/cognitive and imaging measures. Our study focused on 2 speech fluency/efficiency measures: words per minute (words/min, a measure of speech fluency) and correct information units per minute (CIUs/min, a measure of speech "efficiency"). 29 Words/minute takes into account all words spoken in response to a prompt including both correct and informative words as well as repeated, incorrect, or otherwise irrelevant words. In contrast, CIUs/min takes into account only words/phrases that are relevant, accurate, intelligible, and informative in the context of a conversation or complex picture, and excludes exclamations, perseverations, and meaningless utterances. More extensive details of the speech assessments can be found in previous publications. 5 Our group of healthy age-and sex-matched controls did not undergo any fluency measures or naming tests. However, published data of a healthy control group suggests that the range of CIUs/min can be from 92 to 175, and words/min can be from 105 to 198. 29 Structural and diffusion MRI. All stroke patients were scanned with a 3T General Electric (Cleveland, OH) MRI scanner using a standard radiofrequency head coil. T1-weighted MRI (voxel resolution 0.93 3 0.93 3 1.5 mm) were spatially normalized to the SPM T1 template (isotropic 2-mm voxel size) in SPM5 (Wellcome Trust Centre for Neuroimaging, London, UK) implemented in MATLAB (The Mathworks Inc., Natick, MA). Patients' T1 image normalizations were supported by excluding the chronic ischemic lesion from the registration algorithm before normalization. 30 Additionally, all patients underwent DTI. The diffusion images were acquired using a diffusion-weighted, single-shot, spinecho, echoplanar imaging sequence (echo time 86.9 milliseconds, repetition time 10,000 milliseconds, field of view 240 mm, slice thickness 2.5 mm resulting in a voxel size of 2.5 mm 3 , no skip, number of excitations 1, axial acquisition, 30 noncollinear directions with b value of 1,000 seconds/mm 2 ). There were 5 volumes acquired with b value of 0 s/mm 2 for 24 patients, and 6 volumes acquired with b value of 0 s/mm 2 for the remainder. All DTI processing and analysis was done in FSL (www.fmrib.ox.ac.uk) and has been described in detail elsewhere. 26 ROI generation and FA extraction. All individual ROIs were extracted from the Harvard-Oxford Atlas in FSL (www.cma.mgh. harvard.edu/fsl_atlas.html) and multiplied with FSL's FMRIB58 1 mm FA template at an FA threshold of 0.3 to ensure inclusion of white matter only. Our right hemisphere ROIs included the white matter underlying the pars opercularis and pars triangularis of the inferior frontal gyrus (IFGop, IFGtri), the middle temporal gyrus (MTG), and the precentral gyrus (PreCG) including the primary motor and premotor cortices, all of which have been shown to be consistently involved in speech-motor and language tasks in both normal healthy controls and in patients with aphasia. 9, 31 In addition, these regions are served by and connected via the AF, of which the segment connecting Broca and Wernicke right hemisphere homotops has been found to be larger in aphasic patients with better recovery of fluency after left hemisphere stroke. 32 For a control region, we chose the white matter underlying the posterior superior parietal cortex (figure 1) within the superior parietal lobule (SPL). We chose this region due to a lack of a priori information that this region was involved in speech motor functions. In addition, we generated left hemisphere ROIs of white matter underlying the IFGop, MTG, and PreCG (homotop to the right hemisphere ROIs found to significantly predict speech measures in correlation analysis; see Results) in order to calculate lesion/ROI overlap ratios. Combined right and combined left hemisphere ROIs were generated by summing these same 3 individual ROIs (IFGop, MTG, and PreCG) from each hemisphere.
Seven CC ROIs were drawn by hand on 9 sagittal slices in a classification scheme similar to a well-established schematic based on DTI fiber tracking. 33 These ROIs (figure 1) correspond to areas of the CC thought to be used by fibers crossing between left and right cortical regions including the supplementary motor area (SMA) region. CC ROIs were also summed to create a whole CC ROI. Mean FA, axial diffusivity (AD), and radial diffusivity (RD) values from all ROIs are shown in table 3.
LL and lesion/ROI overlap calculation. To assess the extent of damage to the white matter serving speech-motor function, a LL of the left AF was calculated for each patient. LL seeks to measure the overlap of a patient's lesion with a fiber map of a particular white matter tract. 34 In this case, we chose to use a probabilistically derived canonical left AF tract for which LL had been previously shown to be an effective predictor of speechfluency recovery. 5 All patients had lesion maps drawn by a single rater on normalized T1-weighted MRI in MRIcro (http://www. mccauslandcenter.sc.edu/mricro) using the coregistered T2 image to guide lesion mapping. A second rater (blinded to the first rater's results) drew additional lesion maps for 20 patients, achieving an interrater reliability .0.9 for lesion map volume. LL was calculated by overlaying each patient's lesion map (using the maps drawn by the first rater) with the aforementioned probabilistically derived canonical left AF tract. For a given patient, each voxel included in both the lesion map and the canonical tract was multiplied by its probability of inclusion in the tract and the volume of the voxel, with the sum of all such calculations giving the LL for that patient. Previous studies have shown that LL is a better predictor of behavioral outcomes after stroke than is lesion volume. 6, 34 To determine the extent to which each left hemisphere ROI was affected by a patient's lesion, we calculated a second LL variable between the lesion and left hemisphere ROIs, which we termed lesion/ROI overlap ratio for each patient, according to the following equation:
Overlap ratio 5
Volume of lesion inside ROI Total ROI volume This lesion/ROI overlap ratio provides a decimal representation for the proportion of each left hemisphere ROI affected by the lesion in each patient. To carry out this calculation, we normalized our left hemisphere ROIs to the SPM5 T1 template brain using FSL's FLIRT (linear transform) function. This transformation was chosen for optimal alignment with lesion maps drawn previously on brains normalized in SPM5. We then masked each patient's lesion map with each left hemisphere ROI and calculated an overlap ratio.
Statistical analyses. All statistical analyses were done in Predic-
tive Analytics Software, SPSS (17.0.2) (Chicago, IL). Linear and multiple regressions were run to assess the ability of each right hemisphere and CC ROI as well as combinations of right hemisphere and CC ROIs to predict speech measures. LL was included in the multiple regressions to determine whether a combination of AF-LL and right hemisphere FA values would improve upon predictions made using AF-LL alone. Since the output of the LL equation is a volumetric measurement, the cube root of left AF-LL was used for all correlations and regressions. 35, 36 In addition, we correlated lesion/ROI overlap ratios for left hemisphere ROIs with CC ROI FA values to determine whether the degree of left hemisphere lesion/ROI overlap could predict CC white matter integrity. Two-tailed independent t tests assuming unequal variance were run between patient and control groups comparing FA values for each right hemisphere and CC ROI that significantly predicted both speech fluency measures.
RESULTS Patient statistics. Our study group consisted of 33 patients with left hemisphere lesions (5 female; age 57.8 6 8.7 years) who comprise a subgroup of the 50 patients reported previously 5 for whom we had isotropic DTI scans. All patients were native English speakers and at least 6 months poststroke (mean onset-to-assessment time 30.6 6 29.6 months), but had varying degrees of speech recovery. Thirty-two of 33 patients were right handed, with one being mixed handed. All patients had some degree of speech fluency impairment in the acute phase, which progressed to various forms of aphasia in the chronic stage (see Stepwise multiple regressions using left AF-LL, FA values of the combined significant right hemisphere ROIs (RHem-FA), and CC-SMA ROI FA values as independent variables found that the most predictive model for both CIUs/min and words/ min included AF-LL and RHem-FA but not CC-SMA ROI FA (table 2) . A partial correlation showed that Rhem-FA was still predictive of both speech fluency measures when AF-LL was held constant (partial r-CIUs 5 0.398, partial p CIUs 5 0.024, partial r words 5 0.502, partial p words 5 0.003). Since R 2 values do not convey directionality, it should be noted that higher behavioral measures were associated with both higher FA values in right hemisphere regions and with lower AF-LL.
Diffusion measures analysis. FA values were significantly higher in patients than controls in the right IFGop, PreCG, and combined RHem-ROI (see table 3 for t and p values). In contrast, FA values were significantly lower in patients than controls for the whole CC ROI and the CC-SMA ROI (see figure 2C ). Only the right IFGop, PreCG, combined RHem-ROI, and whole CC ROI survived Bonferroni correction (threshold p value for a 5 0.05 with 6 comparisons 5 0.008). Somewhat surprisingly, we found no significant difference in FA values between groups for the MTG despite the predictive value of MTG FA with regard to speech fluency. To further examine and better interpret these differences in FA values, we compared AD and RD between groups in regions found to have significant between-group FA differences. RD was significantly higher in patients in the whole CC ROI and CC-SMA ROI, while AD was higher in patients in these areas but not significantly so (0.05 , p # 0.1, see also table 3).
Left hemisphere lesion/ROI overlap and CC fiber FA. To test whether the degree of damage to left hemisphere homotops of our right hemisphere ROIs could predict CC FA values, we correlated lesion/ROI overlap ratios in the combined left hemisphere ROI (LHem-ROI) with FA values of the CC ROIs that significantly predicted both speech measures. We found a significant correlation between lesion/ROI overlap ratio of the combined LHem-ROIs and FA values in the entire CC ROI and CC-SMA ROI, The right hemisphere regions we examined are all connected via the AF, which has been shown previously to have higher volume in the right hemispheres of better-recovered patients with left hemisphere stroke-induced aphasia, possibly indicating an increase in signal efficiency. 32 Using a more direct measurement (FA), our results show that white matter integrity in 3 right hemisphere speech homotops Table 2 Right hemisphere region of interest multiple regression statistics served by this tract is indeed higher in betterrecovered patients. Interestingly, FA values of our right MTG ROI were predictive of speech fluency but showed no significant difference between groups. This may suggest that premorbid differences in WM integrity of the right MTG or differential language lateralization contributed to recovery of speech fluency.
In addition, we observed decreased FA in our whole CC ROI as well as the CC-SMA ROI, though the latter finding did not survive Bonferroni correction. Given previous imaging studies showing that axonal loss and demyelination associated with Wallerian degeneration (WD) can be detected in DTI as decreased FA and increased RD in white matter distant from the injury, 37, 38 we hypothesize that our CC findings are due to WD caused by the left hemisphere lesion. 39 Our finding that increased lesion/ ROI overlap ratio in the left hemisphere predicted lower FA values in the whole CC ROI and CC-SMA ROI lends additional support to this hypothesis.
To our knowledge, no previous study has shown an association between higher FA values of right hemisphere speech-motor homotops and higher speech fluency measures in aphasic patients after left hemisphere stroke. Our findings indicate that right hemisphere white matter regions must play a role in speech-motor and language recovery, whether due to prestroke anatomical variability providing a favorable condition for recovery from left hemisphere lesions or due to poststroke remodeling. We hypothesize that the observed between-group differences in FA values of the right PreCG and IFGop, combined with the lack of observed difference in FA values between groups in the right MTG, IFGtri, or SPL control region, indicate that poststroke reorganization of right hemisphere white matter in the PreCG and IFGop region is likely. This interpretation would suggest right hemisphere remodeling as a beneficial mechanism rather than a maladaptive one or an epiphenomenon, which is in contrast with interpretations of some previous studies. 13, 22, 23, 40 A principal limitation of our study is that it does not allow us to identify any time points at which these right hemisphere or CC changes may occur or to conclusively determine whether or not these differences are preexisting. In addition, the larger representation of men in our study groups (85% for both patients and controls) may limit the cross-gender generalizability of our findings. However, our results provide strong evidence that WM integrity of right hemisphere speech-motor homotops is (1) an important factor in recovery of speech fluency and (2) related to the degree of damage to left hemisphere speechmotor regions. In addition, our finding that FA values of right hemisphere speech-motor homotops used in conjunction with AF-LL form a strong predictor of speech fluency in chronic stroke patients may be relevant for future clinical use. Longitudinal studies will be necessary to establish a detailed timeline of right hemisphere and CC FA changes during both natural and experimentally facilitated speech recovery after left hemisphere stroke.
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